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ABSTRACT 

Temperature depender.t recombination studies in nitrogen have 

been conducted over the range 200-480oK, yielding a coefficient 
7  , + 

of (2.9 * 0.3) x I0-/cnr/sec for the recombination of N  ions 

and electrons.  The observed temperature dependence is quite 

small, being adequately described by the relation T-0-1^2. 

Several modifications have been made on the flow system used 

in the study of associative detachment in 02-0 mixtures.  In 

subsequent studies a reaction resembling associative detach- 

ment has been observed.  While preliminary tests were being 

conducted on the rf mass spectrometer which is to be used 

on the flow system, d brief study of negative ion-molecule 

reactions was made.  Rate coefficients for several of these 

reactions were measured.  A summary of the results of a 

calculation of momentum transfer and inelastic cross sections 

for electrons in oxygen is presented. The computed momentum 

transfer cross section is in satisfactory agreement with 

electron beam results but it differs significantly from the 

cross section obtained at thermal energies from microwave 

experiments. 
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STUDIES AND EXPERIMENTAL WORK ON ATOMIC COLLISION 
PROCESSES OCCURRING IN ATMOSPHERIC GASES 

I 

INTRODUCTION 

The work discussed in this report is part of a general program of 

laboratory measurements of some of the important rates of electron inter- 

action with atmospheric gases.  Such information is  useful for prediction and 

analysis of the electrical properties of the earth's atmosphere resulting 

from ionizing radiation. The portion of this work supported by the Air Force 

Weapons Laboratory is directed toward a more accurate determination of the 

rates of electr:;i' depletion and production in air as a result of electron 

attachment and üetachment und electron-ion recombination, and toward an improve- 

ment in our ability to predict the behavior of these electrons in the presence 

of electric fields. The period of the research covered by this report is 22 

December 1964 through 22 December 1965. 
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SUMMARY 

The objectives of the research program described in this technical 

report have been:  a) initiate an experimental Investigation of the tem- 

perature dependence of electron-positive ion recombination in atmospheric 

gases; b) continue experimental studies of electron attachment and detachment 

in mixtures of atomic and molecular oxygen;  and c) Improve our ability to 

predict the behavior of electrons in air by improving our determination of a 

set of elastic and Inelastic scattering cross sections for electrons In oxygen. 

The experimental techniques and the results of the temperature 

dependent recombination studies in atmospheric gases, primarily nitrogen, are 

presented in Section III. The recombination studies in nitrogen have been 

conducted over the temperature range 200 to 480 K yielding a recombination 
+ 1 

coefficient for N_  ions and electrons In agreement with our published value, 
+ -7 3 a (N, )■ (2.9 ± 0.3) x 10 cm /sec. The observed temperature dependence is 

quite small, being adequately described by the relation T    . The observed 

recombination coefficients exhibited no systematic dependence on the pressures 

of the gases (N. and Ne) used in the experiments so long as M. was the only 

significant afterglow positive ion, thus indicating that the observed recombina- 

tion reaction is a two-body process involving only N2 ions and electrons. The 
2 

present results are in strong disagreement with other published works which 
-I    -3/2 

claim temperature dependences of from T  to T '  in the case of nitrogen. One 

is not really justified in making a comparison with these previous observations 

since the recombinlng positive ion species have not been Identified In these 
3 ' + 

cases. Our own observations seem to Indicate that the more complex ions NL 

and N,  may have been the predominant ion species In these previously reported 
+ 

results. Attempts to study the temperature dependent recombination of N- , or 

N, , ions with electrons have thus far been unsuccessful, since we have been 

unable to obtain afterglow conditions where only one of the Ion species 

dominates. 

In preparation for a study of electron-Ion recombination In oxygen, 

the microwave system was modified for single pulse operation.  Subsequent 

recombination studies in N--Ne mixtures, at room temperature, have yielded 

results In agreement with our previous measurements.  In addition, using the 

single pulse technique, we have found afterglow conditions where N,  Is the only 

2 



positive ion species detected. Thus far we have not conducted any temperature 

dependent recombination studies using this single ^•Ise technique. 

Section IV describes the experiments wh .ch have been performed in 

the study of electron attachment in O^-O mixtures, k  flow system capable of 

producing a mixture of atomic and molecular oxygen, as well as oxygen 

negative ions, has been built.  By a suitable choice of electric field 

strength In the negative ion 8 Mirce either 0- or 0 can be formed. Discharge 

noise and electrostatic charging have bean reduced to satisfactory levels by 

the use of an aluminum flow tube in the ion reaction region rather than the 

conventional glass flow tube. On initiating a discharge, an apparent destruc- 

tion of the negative ions has been observed baggesting a detachment mechanism 

involving the negative Ions.and the neutral products of the discharge.  It is 

not yet known whether the apparent detachment is due to associative detachment 

or to some other process. 

While earring out various tests on the ir&ss spectrometer to be used 

with the flow tube for negative ion mass identification, we have made a brief 

study of some negative ion-molecule reactions.  In pure oxygen at low E/p we 

observe only 0,.  ions which are formed by a three-body attachment process. We 
-I   -I -  _      _ 

also find that at E/p > I Vcm Torr  three negative ion8,0,02 and 0^ are 

formed. The mechanisms Involved in their productiqn are I) dissociative 

attachment, 2) charge transfer, and 3) three-body Ion-molecule reaction, 

respectively.  The rate coefficient for the production of 0-  from 0 was found 
-31  6   -1 

to be 1.5 x 10  cm sec  . Measurements with carbon dioxide Indicate that 0 

is formed at E/p > 7 V cm Torr  by a dissociative attachment mechanism. This 

reaction is then followed by a very rapid conversion to CO, via a thiree-body 

ion-molecule reaction.  In mixtures of CO» and 0- one observes the production 

of 0» by a three-body attachment process at low values of E/p. This 0? 

undergoes convirslon by a three-body reaction to produce CO, . The rate 

coefficients for the formation of these complex CO,,  and CO,  ions from 0 and 
-28 -29  6  -I 

09" are estimated to be 1.3 x 10   and 1.28 x 10   cm sec  , respectively. 
-I   -I -   - 

in water vapor at E/p > 10 Vcm Torr , the ions H , OH and (H-0) .OH , 

(where n - 1,2,3,4,5) are observed.  It is thought that H* IS the initial ion 

produced.  It subsequently reacts with H-O to form OH . Clustering of OH 

with various numbers of water oolecules then occurs.  If oxygen is added to the 

water vapor then, at low E/p, O2" is initially formed. The clustering of O2 

with water then produces (H20)n.O2' where n - 1,2,3,4. The situation in water 

3 



and water mixtures is very complex and should be investigated further.  No 

complex ions are observed in mixtures of nitrogen and oxygen. 

Section V of this report summarizes the results of our determina- 

tions of momentum transfer and inelastic cross sections for electrons in 

oxygen.  Our results are based on an analysis of measured drift velocities 

and characteristic energies for electrons in the presence of a dc electric 

field.  The results are expected to be most accurate in the range of electron 

energies in which "vibrational excitation is the dominant energy loss mechanism. 

It appears that the assumption which is most consistent with all of the 

available experimental data is that the vibrational excitation cross section 

consists of a series of sharp resonances centered about the vibrational states 

of the 0  ion. The magnitudes of the integrals of the resonance cross 
-18  2 

sections are approximately 10   cm eV. We have obtained estimates of 

inelastic cross sections with excitation thresholds at 4.5, 8.0, and 9.7 eV. 

The momentum transfer or elastic scattering cross section obtained from this 

analysts is in satisfactory agreement with electron beam results, but it 

differs significantly from the cross section obtained at thermal energies 

from microwave experiments.  Until this discrepancy is resolved, we cannot 

make truly accurate predictions of radio propagation characteristics in air. 
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ELECTRON-ION RECOMBINATION STUDIES IN ATMOSPHERIC GASES 

III A. Introduction 

Large two-body electron-Lon recombination rates have been measured 
4 

In laboratory studies of Ionized gas afterglows and Inferred from the 

analysis of observations of the Ionospheric regions of the upper atmosphere. 

In noble gas (e.g., neon, argon, krypton and xenon) afterglows the observed 

thermal (~300 K) recombination coefficients have been found to be In the 
-7     -6   3 

10  - 10  cm /sec range. Under the conditions of these experiments the 

diatomic molecular ions are expected to b" the predominant positive ion 

species;  thus, dissociative recombination 

X-+ + e TV (X0 )   . . . if X + X + kinetic energy       (I) 
2     T^ v 2 ' unstable t— OJ x ' 

where the superscripts + and * represent ionized and excited states, respec- 

tively, Is the probable electron capture process. 

In recent years there has been considerabl« interest in the 

recombination of low energy electrons with ions of the type found in the 

ionosphere;  thus, studies of electron-ion recombination in atmospheric gases 

axe desirable. At the present time, fechniques of theoretical analysis are 

not sufficiently advanced to yield reliable quantitative calculations of the 

dissociative recombination rates for particular atmospheric ions; therefore, 

appeal has been made to laboratory measurements of the desired rates.  Mass 
3 

spectrometric observations have shown that it is difficult to prevent the 

formation of polyatomic ions such as N^ , N,  and 0.,  in these atmospheric 

gas studies.  As a consequence, many of the previous recombination studies do 
+     + 

not apply to the ion assumed to be present (e.g., N-  or 0» ), leading to 
6 

considerable confusion in the literature. 

This section of the report contains a description of the techniques 

and the results of our temperature dependent studies of electron-positive ion 

recombination in atmospheric gases. During the present oontract our efforts 

have been devoted primarily to the study of recombination in nitrogen.  In 

subsections III B and III C are presented brief descriptions of the apparatus 

and the experimental techniques which are used in these Investigations.  The 



results of the observations are presented in subsection III D. Subsection 

III E contains a description of the modified experimental techniques which 

are to be used in the temperature dependent recombination study of oxygen. 

Ill B.  Apparatus 

In the study of volume recombination by microwave techniques, the 

essential experimental measurement is the determination of the free electron 

density in a cavity as a function of time after cessation of s discharge.  The 

electron density is obtained by measuring the shift of the resonant frequency 
7 8 

of the cavity due to the presence of the electron gas. '  This experimental 

technique is adequately described in the literature;  hence, we shall only 

outline our basic procedures. 

The microwave system is shown schematically in Fig. 1.  The discharge 

is initiated in the cavity (resonant atA>3000 Mc/sec) by a pulse from the 

magnetron.  The duration of the discharge can be varied over the range 25 i^sec 

to 2.5 msec.  Following the discharge pulse a very low power probing signal 

from the klystron Is incident on the cavity. The signal reflected from the 

cavity Is detected by the crystal, passed through a non-overloading amplifier 

and displayed on an oscilloscope. After a short time Interval, 10-20 msec, 

the magnetron Is switched on agiln and the cycle Is repeated. 

The frequency of the klystron Is swept. I.e., Increased with time 
Q 

during the afterglow,  thereby "sharpening" the absorption dips In the late 

afterglow where the electron density Is changing more slowly.  The frequency 

measurement range of the microwave system provides reliable ireasujcs of the 
10 7 ,  3    ' 

electron density between 2 x 10  and 1 x 10 electrons/cm . 

Figure 2 shows a simplified sketch of the microwave cavity and the 

associated apparatus.  The cavity, shown In dark outline, Is In the shape of 

a rectangular parallelepiped and Is constructed of stainless steel.  It Is 

Iris coupled to the 3000 Mc/sec microwave system discussed above. 

Centered In the cavity wall opposite the coupling iris Is a small 

(Ä^O.006 In. diameter) effusion orifice.  Some of the afterglow ions which 

diffuse to the walls pass through this orifice and are focused onto an rf 
9 

mass spectrometer  by a two-element Ion lens, consisting of a mesh wire 

cylinder followed by a plane grid (not shown In Fig, 2).  This lens Is 

designed so that the electric field has a minimum value in the region near the 
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orifice where the gas pressure is high, thereby reducing the probability of 

ion conversion reactions resulting from collisions between the accelerating 

ions and the neutral gas. 

The neutral gas which flows through the orifice passes readily 

through the open mesh wire lens elements and is pumped away by a high speed 

(100 liter/sec) pumping system consisting of an oil diffusion pump and a 

zeolite isolation trap.   Typically the pressure in the rf mass spectrometer 
-3 

chamber is less than 10  Torr for cavity pressures up to 20 Torr. 

The entire vacuum system consisting of the cavity, the rf mass 

spectrometer, the gas handling system,and the zeolite traps can be baked at 

temperatures up to 400 C to reduce the impurity level. At room temperature 
-8 

the resulting background pressures are consistently less than 10  Torr in all 

parts of the system. 

In the high temperature recombination studies the cavity is heated 

by a small "clam shell" electric furnace (not shown in Fig. 2).  The heat 

losses from the cavity are minimized by the thermal insulation and by the thin- 

walled stainless steel sections located in the waveguide section and in the rf 

mass spectrometer housing.  For the low temperature studies, dry ice was packed 

around a heavy copper cylinder which, in turn, was in good thermal contact with 

the flanges at both ends of the cavity.  The cavity temperature was monitored 

by several thermocouples attached to it at various points.  The temperature 

was always uniform throughout the cavity to within a few degrees. 

Ill C.  Experimental Procedures.  Nitrogen Recombination Study 

In general the decay rate of an afterglow plasma is dependent on 

various competing reaction, i.e., diffusion, ion conversion, electron attach- 

ment, etc., as well as the electron-ion recombination reaction which we wish 

to study.  In order to make a simple interpretation of the afterglow decay in 

terms of electron-ion recombination, it is necessary to minimize these 

competing reactions.  If one further assumes that the afterglow is dominated 

by a single positive ion species, then the electron continuity equation 

becomes simply, 

dn 
^ = - a nen+ (2) 

^^^^^^^^^■M^^^BH^^^^^^^MMM^^^^^^^MMBH^M^HMMI 



where a is the recombination coefficient and n and n are the electron and 
e     + 

positive ion densities, respectively.  On the assumption of quasineutrality 

of the plasmi 

(2) becomes, 

of the plasma and negligible negative ion concentration, i.e., n = n Eq 
+   e 

dn 
e        i 

-r—  = - a n 
dt        e (3) 

with the well known "recombination solution," 

l/ne = [1/n (0)] + a t (') 

The experimental results presented in this report were analyzed on the basis 

of this simple relation. 

The first step in the recombination studies is to insure that the 

afterglows are dominated by a single ion species whose identity has been 
3 •J-     + 

established.  Preliminary studies have shown that the ions N to N,  can be 

present in the afterglow of a nitrogen discharge. The relative concentrations 

of these ions depends on the experimental conditions, i.e., the gas pressure 

and the discharge power level and pulse length.  However, the parent molecular 

ion, N» , is the dominant afterglow ion species if the nitrogen pressure is 

kept below approximately 10  Torr, the exact upper limit being a function of 

the cavity temperature, T .  Since the microwave system will not operate 

properly at such low pressures, it has been necessary to mix in inert buffer 

gases in order to achieve these experimental conditions.  Neon has been used 

as the buffer gas for all the observations reported here. 

The other experimental techniques which have been used in these 

investigations to minimize the significant competing reactions have been 
i 

discussed in detail in the literature4" and presented in the last final 

report (AFWL-TR-64-178);  hence, they do not need to be restated here. 

During the early stages of the temperature dependent recombination 

studies in N^-Ne gas mixtures, it was observed that significant concentrations 

of impurity ions in the mass 16 to 18 range appeared in the afterglow mass 

spectra when the cavity temperature exceeded ~100 C.  It was presumed that 

these ions represented .water vapor and its fragments which were given off by 

the glass components of the cavity, i.e., the microwave coupling iris and the 

10 



viewing winriou.  Thcsi- componenLs .'ne L'inally icpLacoil lith  nappwiv •  OIK;; 

with no siRniTicant decrease in the impurity level,  lie wore, however, cbL 

to reduce the impurities to an acceptable level by first baking Uht' caviiiy 
o 

at temperatures 50 to 75 C above the desired operating temperature Cor 

fully for operating temperatures up to approximately 500 K.  Low temperatun 

extended periods of time, 48 to 72 hours.  This technique was used success- 

re 

observations were also undertaken in an effort to further extend the tem- 

perature range of these recombination studies. 

Some modifications of the system which might permit extension of 

the useful temperature range to 600 K have been considered.  These modifica- 

tions include:  a) plating the inside of the cavity with a metal which would 

reduce the desorption of impurities and b) increase the gas flow rate through 

the cavity thus reducing the equilibrium impurity concentration. 

Ill D.  Results of Nitrogen Recombination Studies 

An example of the experimental data obtained in the temperature 

dependent study of electron-ion recombination in nitrogen is shown in Fig. 

3.  Here we have plotted the reciprocals of the electron density and the N_ 

ion wall current (the rf mass spectrometer output) as functions of time in 

the afterglow.  In this case the N  ion wall currents have been normalized 
2 

to the electron density at an afterglow time of 3 msec.  One notes first OL 

all that the electron density decay indicates recombination control during 

the entire afterglow, i.e., 1/n  increases linearly with time as predicted 

by Eq. (4).  The measured slope of this straight line is closely related to 

the desired recombination coefficient, a. 

Figure 3 also shows that over the major part of the afterglow the 

N7  ion wall current decay follows the electrons.  This behavior, which 

implies that the electron and ion spatial distributions within the cavity do 

notchange radically with time, is observed only under "good" recombination 

conditions.  We feel that the similarity in the temporal behavior of the 

electron density and the ion wall currents in recombination studies is 

important;  for if this similar behavior exists, one can say, with some 

degree of confidence, that there are no significant reactions which pref- 

erentially deplete either the electrons or the positive ions. Furthermore, 

one can say that there are not likely to be any significant concentrations of 

11 
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Fig. 3 Reciprocal electron density and N»  Ion wall currents as 
functions of time in the afterglow. 
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undetectecf ion species. This last point is particularly significant in cases 

where negative ions are likely to be present; for example, in the study of 

oxygen or nitric oxide. 

Studies of the electron-ion recombination rates in N^-Ne gas 

mixtures were conducted over a range of gas pressures.  Figure 4 shows a 

plot of the observed recombination coefficients as a function of the neon 

pressure for a series of nitrogen pressures, all data corresponding to a 

cavity temperature of 378 K.  One notes that within experimental error there 

is no dependence on either the nitrogen or neon gas pressure.  A similar 

behavior is observed at all temperatures so long as the conditions for N9 

domination of the afterglow are satisfied. Thus, we conclude that the 

recombination reaction under study is a two-body process involving only N- 

ions and electrons. 

Reliable temperature dependent recombination measurements in the 

No-Ne mixtures have been conducted over the temperature range 200 to 480 IC- 

These results are presented in Fig. 5. The solid points in Fig. 5 represent 

the averages of several measurements made at each temperature, for a range of 

nitrogen and'neon pressures. The vertical lines through the points show the 

standard deviations of these experimental values. One notes that there is 

very little temperature dependence in the observed recombination coefficients. 

The dotted line corresponds to our previously published room temperature 

(«300OK) value, a (N*) - (2.9 ± 0.3) x 10* cm /sec. The solid line, which 
-0.02 

gives a reasonable fit to the data, has a temperature dependence of only T 

The overall confidence limit  for the absolute values of the measured 

recombination coefficients is about ± 10$). The relative variation of the 

observed recombination coefficients as a function of temperature should be 

much more accurate than this since essentially the same systematic errors are 

present at each temperature. 

Several measurements of the temperature dependence of electron-ion 
2 

recombination in nitrogen have been reported in the literature.  In these 
-1    -3/2 

cases temperature variations of the order of T  to T  " have been observed. 

In general, these measurements were conducted at gas pressures where our 

3 +     + 
observations show that N.,  and N,  should be the predominant ion species, 

consequently, no comparison can be made with the present results.  Recently 

we conducted some afterglow studies in N?-Ne mixtures under conditions where 

the ion species N7 ,■ N-, , and N,  were all present.  It was observed that the 

13 
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concentrations of the complex ions N.,  and N,  relative to N?  decreased by 

more than an order of magnitude as the gas temperature was increased from 300 
o 

to 500 K, the nitrogen and neon gas densities being maintained at constant 

values.  If one extends these measurements to the pressure regime of the 

previously reported recombination studies, it is conceivable that a part of 

the observed temperature dependence may be due to changes in thv  relative 

concentration of the positive ion species.  Without the benefit of mass 

analysis, it is extremely difficult to assess the significance of this 

contribution to the observed temperature dependence in the orevious measure- 

ments.  Within the last few weeks we have conducted some temperature 

dependent afterglow studies in rJ^-Ne mixtures under conditions where No and 

N,  are the dominant ton species. We were unable to find a set of experimen- 

tal conditions, i.e., gas pressures, discharge pulse lengths, etc., for which 

either N, or N,  was the dominant afterglow ton species over the entire 

temperature range;  hence, a measurement of the temperature dependent 

recombination coefficients for these ton species could not be made. 

Ill E. System Modii.ication for Oxygen Recombination Study 

In subsection III C some modifications of the system which might 

permit extension of the useful temperature range were proposed. Before making 

these changes,, we decided to investigate the temperature dependent electron- 

ion recombination in oxygen over the temperature range which is presently 

accessible.  In the last final report (AFWL-TR-64-178), it was indicated that 

negative ions may have been responsible for the discrepancies observed in our 

previous afterglow recombination studies in 02-Ne mixtures. The primary 

discrepancies were:  a) different temporal decay rates for the electrons and 

positive ions and b) a dependence of ^he observed recombination coefficient 

on the duration of the afterglow for fixed discharge conditions.  These 

observations seem to be consistent with a negative ion concentration which 

requires several cycles in order to reach its equilibrium value.  Therefore, 

in the present oxygen recombination studies, we are initiating the single 

pulse mode of operation in order to reduce the negative ion effects to a 

minimum. 

The basic operation of the microwave system in the single pulse 

mode is the same as in the cycled, or recurrent, mode except that the 
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magnetron la pulsed only once and, at present, the klystron frequency is 

fixed rather than being swept.  For each pulse the crystal output observed 

on the oscilloscope is recorded photographically.  The time dependence of 

the resonant frequency of the cavity during the afterglow period is 

determined from a sequence of single pulses each corresponding to a different 

fixed frequency of the klystron. 

In the recurrent mode of operation there are usually a sufficient 

number of free electrons remaining in the cavity at the end of the afterglow 

period to provide consistent initiation of the next discharge when the 

magnetron is switched on.  This is not the case in the single pulse mode of 

operation.  Observations have indicated that the time intervals between the 

application of magnetron power and the initiation of the discharge in the 

cavity may be as long as 1 msec.  Consistent firing of the discharge at the 

beginning of the magnetron pulse has been achieved by creating a small d.c. 

discharge between two pointed tungsten wires located in the plane of the 

cavity wall on the side containing the viewing window (see Fig. 2).  This 

voltage pulse, which is coincident with the beginning of the magnetron pulse, 

is approximately 1 Kv in magnitude and 50 usec in duration. A series ballast 

resistor is used to minimize sputtering and the subsequent release of 

impurities into the cavity. 

After the change-over had been completed, it seemed advisable to 

check out the system by making some further studies of N--Ne gas mixtures. 

This work is underway at the present time. We have found that the room 

temperature recombination coefficient Cor N~ ions and electrons is essen- 

tially in agreement, within 4^, with the value obtained via the recurrent 

mode of operation. Thus far we have made no temperature dependent studies 

using the single pulse mode of operation. 

Another very interesting observation has resul ed from these 

single pulse studies of N^-Ne gas mixtures; in particular, as the nitrogen 

pressure is increased the dominant ion species becomes N, .  No N^  is 

observed.  Comparison mass spectra for the recurrent and single pulse modes 

are svown in Fig. 6.  These mass spectra correspond to the same experimental 

conditions, i.e, gas pressures, discharge power level and pulse length.  The 

mass spectra were obtained by frequency scanning of the rf mass spectrometer. 

In the recurrent mode of operation this gives a smooth trace as shown in the 

upper part of Fig. 6.  In the single pulse mode of operation  the mass scan 
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conaiats of a series of current spikes corresponding Co the individual pulses 

of the system. The "noisy" line drawn in the lower portion of Fig. 6 rep- 

resents the envelope of these pulses. 

At zhe present time we do not have a completely satisfactory 

explanation for the observed differences in these mass spectra.  It has been 

suggested that the N.,  ions are formed via the reaction 

r4
+ + N -> N3

+ + N2. (5) 

The failure to observe N^  in the single pulse mode then implies that many 

pulses are required in order to build the N atom density up to its recurrent 

mode equilibrium value. Further investigation is required in order to 

substantiate this hypothesis.  In any case, it appears that the single pulse 

mode of operation offers the opportunity to study the temperature dependent 

recombination of N,  ions and electrons. 
4 
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IV 

ELECTRON ATTACHMENT AND DETACHMENT IN O.-O MIXTURES 

IV A.  Introduction 

The object of this experiment is to study electron attachment and 

detachment in the gases resulting from the dissociation of molecular oxygen, 
* 

i.e., in mixtures of 0, 0_, 0-  and 0-. 

We believe that in spite of the difficulties inherent in working 

with reactive species such as 0 and 0., it is essential to have an under- 

standing of the role of such species in determining the rates to electron 

depletion in the ambient and disturbed ionosphere. For example, it has been 

proposed by Bates and Massey  and others that the process of associative 

detachment [see Eq. (6) below] is responsible for observed electron detach- 

ment in the altitude range at which there is significant atomic oxygen. 

As yet, there is no laboratory evidence as to the rate of this process, so 

that one must rely on very crude theoretical estimates. At lover altitudes, 

the concentration of 0-. becomes appreciable and could result in a significant 

increase in the rate of electron attachment or in the formation of 0. ions 

which may be stable with regard to both collisional detachment and 

photodetachment. 

Our first objective is to determine whether the rate of the reaction 

02 + 0 -> 03 + e (6) 

can be measured in the laboratory. To the best of our knowledge, this is 

the first attempt to produce and study ions in dissociated gases at 

moderately high pressures (1 - 10 Torr);  thus, many preliminary experiments 

have been necessary to become familiar with new techniques. At these 

pressures atomic oxygen can be produced by:  a) the dissociation of molecular 

oxygen by a high microwave field; b) the dissociation of molecular nitrogen 

by a high microwave field and then adding an equimolar amount of nitric 

oxide;  and c) the thermal decomposition of ozone. 

In the past year method a) has been employed since it is somewhat 

more convenient, but the side production of excited molecular oxygen and ozone 

will limit its usefulness when accurate estimates of reaction (6) are made. 
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In future exoeriments method b) will be used to produce the atomic oxygen 
* 

since 0,-,  is eliminated when this technique is used. 

The production of 0- at these pressures presents no serious 

problems, although the production of 0- at sufficiently high densities for 

the observation of detachment signals requires the use of a hot filament 

which can be operated for a reasonable length of time in oxygen.  In these 

studies, thoriated iridium has been used as the filament material and life- 

times of up to 10 hours achieved. Attempts to improve the lifetime by using 

a high emission photocathode were unsuccessful since very rapid poisoning 

of the surface occurs when the oxygen discharge is initiated. 

In order to ascertain the exact species of ions and neutrals 

reactiug in the system, it is necessary to perform a mass analysis of both 

the ions and neutral particles. This requires a mass spectrometer capable 

of probing high pressure systems. An instrument capable of examining the 

ionic content of the system has been built and tested on an auxiliary 
9 

system. The mass spectrometer chosen for this task is a Boyd linear 

accelerator rf mass spectrometer. This instrument requires no magnets, a 

small power supply and operates at high pressures with very modest pumping 

requirements. In the process of building and testing the mass spectrometer 

some useful data on the negative ton mass spectrum of 0,, C02, H20 as well 

as 0--N-, 0~-C09 and O.-H- mixtures were obtained. Also the rates of 

several negative ion-molecule reactions of possible interest to ionospheric 

studies were determined. We plan to install this mass spectrometer on the 

flow system in the near future. 

IV B. The Flow System 

(IV B.l) Description of the Flow Tube 

The flow tube is similar to that described in the previous report 

except that the glass tube containing the electron gun and detachment 

regions of the system has been replaced by a length of aluminum tube. This 

tube is contained within a stainless steel envelope and is insulated from 

it by two Teflon collars (see Fig. 7). The electrodes in the detachment 

region are supported from the aluminum tube by Teflon inserts which also 

electrically isolate these electrodes from the aluminum tube.  External 

connections to these electrodes are made through ceramic feedthroughs in 
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the stainless steel envelope.  Provision to examine the light producing 

reactions (to be described later) has been made by installing six small 

sapphire windows at suitable positions along the stainless steel tube which 

are in line with six 1/8" holes in the aluminum tube. 

Extra dry grade oxygen, 99.6^ pure, and commercial grade nitrogen 

dioxide, 99.5^ pure, were used throughout these experiments with no further 

purification attempted.  However, a glass bead filled liquid nitrogen trap 

was installed in the oxygen line to be used at a later date when purified 

oxygen will be required. Gases are admitted to the system through 

Granville-Phillips variable leaks and the flow rates of either gas are 

measured on specially calibrated flow meters.  In general, flow velocities 

between 200 and 400 cm/sec and pressures of 1 to 7 Torr are used. 

Low energy electrons are produced by a hot thoriated Iridium 

filament, F, mounted on an easily demountable flange which mates with a 

suitable flange on the stainless steel tube. Two 1-1/4" holes in the alum- 

inum tube allow electrons to be pulled across the gas stream by an externally 

applied electric field. Although the lifetimes of such filaments operating 

in high oxygen pressures are short, it is still the most convenient 

te' ifique available. Attempts to use a high emission photo surface, of the 

type described in subsection (IV C.l), were unsuccessful.since on initiating 

the discharge rapid poisoning of the photo surface occurs. The electrons 

are drawn across the tube by a variable 20 Kc square wave voltage applied 

between the filament F and collector C. This technique ensures that a good 

fraction of the negative ions formed in the gas are swept downstream into the 

detachment regions. 

In the detachment region there are three pairs of plane electrodes 

mounted parallel to each other, see Fig. 7, the outer electrodes eliminating 

end effects for the center pair. To each pair of electrodes an rf or dc 

voltage can be applied and the current collected by any pair of electrodes 

is measured on a vibrating reed electrometer. The rf voltage for each pair 

of electrodes is obtained from separate sources that can be varied from 

0-700 volts over a frequency range of 50 Kc/sec to 2.0 Mc/sec. A typical 

circuit for the electron gun and detachment regions can be seen in Fig. 8. 

After the detachment region there is a 3" long silver honey-comb inserted 

within the tube.  This honey-comb does not appreciably restrict the gas 

flow but does destroy all surviving atomic oxygen before it can enter the 
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pumping line. 

In order to determine the absolute atomic oxygen density at a 

given point along the flow tube and its subsequent decay along the tube, 

it is necessary to be able to measure the light output from the reactions 

represented by Eqs. (7) and (8) (to be presented shortly).  Measurements 

of this light output were made using a 931 photomultiplier which was 

mounted on a platform that could be mechanically driven along the length 

of the flow tube. Photographic black cloth draped over the tube was 

sufficient to reduce the background light to a suitably low level. 

A length of 13. mm O.D. quartz tubing admits oxygen to one end of 

the flow tube. This quartz tubing passes through a high power microwave 

field where partial dissociation of the gas flowing in the tube occurs. 

The microwave power is obtained from a Q1C-390 magnetron and associated 

equipment. For every given pressure in the main tube, the standing wave 

ratio in the wave guide was optimized by means of a stub tuner, and the 

power output of the magnetron was controlled by adjustments to its power 

supplies. 

(IV B.2) Production of Atomic Oxygen 

There are three techniques available for producing atomic oxygen 

at the pressures required for this experiment^ and they have been described 
12 

previously.   In the past year only one technique, the dissociation of 

molecular oxygen, has been used. The procedure followed in this technique 

is to admit oxygen to the system through the variable leak in the oxygen 

line until the required flow tube pressure is obtained., usually between 1 

and 7 Torr. The magnetron is then switched on and a discharge initiated 

in the quartz section of the flow tube with a Tesla Coil. The stub tuner 

in the wave guide assembly is then adjusted until a satisfactory VSWR is 

obtained. Once this has been done the discharge is normally stable for 

long periods of time. The microwave powered discharge partially dissociates 

the oxygen and the resulting 0^-0 mixture flows along the tube in the 

direction of the pumps. 

The presence of impurities in the oxygen entering the discharge, 

e.g., H90, N9, can cause a considerable increase in the production rate of 

atomic oxygen, but this condition is undesirable due to the more rapid decay 
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of 0 along the tube and other complicating effects.  The disadvantage of 

this technique for the production of atomic oxygen lies in the formation 

of undesirable side products in the discharge, the principal ones being 
* 13 

ozone and excited states of oxygen, 09 . Evidence has been found  that 

glass wool effectively removes excited states produced in a nitrogen dis- 

charge but unfortunately this technique does not remove the excited 

states produced in an oxygen discharge. 

The temperature of the gas also has to be determined since, if 
o 14 

it is above 100 C, colllsional detachment can occur.   Attempts to measure 

this quantity are being made but no conclusions have as yet been reached. 

To reduce the discharge noise in the detachment region a 5" 

section of the 2" glass flow tube prior to the metal flow tube section has 

been coated with aluminum and is maintained at a potential of -10 volts. 

(IV B.3) Measurement of the Atomic Oxygen Flow Rate 

The flow rate of atomic oxygen, and hence its concentration, can 

be determined by the "NO» titration" technique developed by Kaufmann. 

This technique requires the addition of a known amount of NO- to the 02-Q 

mixture causing a bright yellow-green afterglow to be produced along the 

tube by the following reactions, 

N02 + 0 ->• NO + 02 (7) 

and 

NO + 0 -> N02 + hv (8) 

As the amount of NO, added is increased, the intensity of the afterglow 

initially increases, goes through a maximum and finally drops to zero as 

reaction (7) consumes all of the atomic oxygen present. Thus, the NO- 

flow rate for maximum light output should be half that required to 

extinguish the afterglow and this flow rate will oe equivalent to half of 

the atomic oxygen flow rate.  A plot of afterglow intensity vs NO2 flow 

rate is presented in Fig. 9. These types of curves have not been as 

satisfactory with the glass-aluminum flow tube as they were with the 

initial all-glass system. It is felt that the N02 inlet is too close to 
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the discharge and some NO2 may possibly be diffusing Into the discharge 

thus complicating the production and  tltration.  Steps are now being taken 

to remedy this situation. 

The decay of atomic oxygen along the tube can be determined by 

the addition of a small amount of NO- to the 02-0 mixture (just sufficient 

to produce an adequate afterglow along the tube) and observing the intensity 

decay as a function of distance with the photomultlpller.  This decay can 

be attributed to the following reactions, 

0 + wall -> T 02, (9) 

0 + 02 + M -> 03 + M, (10) 

and 

0 + 03 -> 2 02. (11) 

If any excited states of molecular oxygen are present, then atomic oxygen 

production can occur in regions other than the discharge region,since 

03 + 02* -> 0 + 2 02 . (12) 

A typical atomic oxygen decay curve for the aluminum flow section is shown 

in Fig. 10. 

(IV B.4)  Production of 0 ' 
 1— » 

In the electron gun region a swarm of electrons is emitted from 

a hot thoriated Iridium filament, F, and crosses the gas stream under the 

Influence of an electric field, E, applied between F and the collector C. 

By keeping the applied field sufficiently low (E/p < 2 Vcm Torr ) no ioniza- 

tion can occur and attachment of electrons occurs only via the following 

reaction, 

02 + 02 + e -> 02' + 02. (13) 

If the applied field is reversed periodically at a fi-equency 

much greater than the reciprocal of the transit time of the ions, the 
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Flg. 10.  Decay of atomic oxygen in the aluminum section of the flow 
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resulting force on the ions due to the electric field is zero, and they 

will drift along the tube with the neutral gas mixtures. 

By measuring the emitted electron current I , and the collected 

electron current I , the attachment coefficient r\  for the gas can be 

calculated »since ~ 

I «- I e 
e   o (14) 

where d is the spacing between the filament and collector. This gives 

reasonable agreement with previous determinations of r\  for undissociated 

oxygen. 

Both negative ions and electrons have been detected in the 

detachment region. To collect electrons the rf voltage applied to any pair 

of grids is increased until the collected current saturates.  Similarly to 

collect negative ions the applied dc voltage is increased until saturation 

occurs.  Some typical data obtained in this manner are shown in Fig. 11. 

(IV B.5) Measurement of Gas Velocities 

The gas velocity v alorg the tube at pressure ?_ can be calcula- 

ted from a knowledge of the gas input Q, at a pressure P..  Since mass has 

to be conserved, the mass flow rates at both pressures are Identical; thus, 

if the cross-sectional area of the tube is A,then 

Vl Q2P2 P2 Av, (15) 

The viscous pressure drop per unit length along a tube of radius 

r can be calculated from the approximate Poiseuille equation 

AP - 1.18 x 10'6 - 
r 

(16) 

and is found to be negligible at all times under our experimental condi- 

tions. 
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Another method used to determine the gas veLocity was to create 

a number of lona at a time t ■ 0 and allow them to drift a known distance 

before collection. This was done in the present system by pulsing the 

filament on for 1 msec and noting the time for the ions formed to drift 

to the first pair of if grids. The agreement between the two methods at 

various pressures is ^lO'/a. 

(IV B.6) Results of Flow Tube Experiments 

The observed decay of atomic oxygen in the aluminum tube section 

is found to be exponential, see Fig. 10.  If this decay is wholly attrib- 

uted to wall collisions, a value for the surface recombination coefficient, 

Y, can be obtained. The value of y  calculated from the slope of Fig. 10 

la 1.6 x 10  which Li approximately the same value as the y obtained by 

Kaufman  for pyrex glass. No information concerning the value of y  for 

aluminum could be found in the literature although most other common 

metals have been studied. This surprisingly low value of y  makes aluminum 

an extremely useful material for the construction of atomic oxygon flow 

systems if glass cannot be used.  However, in this calculation of y  no 

account is taken of the loss of atomic oxygen due to collisional recombina- 

tion by reactions such as given by Eq. (9), (10), and (11) or of its 

production from ozone and excited molecular oxygen, i.e., Eq. (12). 

Enclosing the electron gun and detachment regions in an aluminum 

tube has reduced significantly the charging problems encountered in the 
-13 

all-glass flow tube and ion currents as low as 5 x 10  A can be detected 

in the detachment region. Thus, the use of aluminum provides us ,with a 

means of reducing charging currents to an acceptable level without 

increasing the rate of destruction of atomic oxygen. 

Experiments performed before the system had been baked, i.e., 

a situation resulting in a fast decay of atomic oxygen along the tube, 

produces an electron current signal in the detachment region. The 

behavior of this current in response to changes in various experimental 

paranr  rs is consistent with a detachment reaction between negative tons 

and some, as yet undetermined, neutral species produced i;. the discharge. 

However, after cleaning the walls of the flow tube by baking the system at 

230 G, the atomic oxygen density increased at all points along the tube 
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and under these conditions all of the negative Ions (presumably 0- ) are 

destroyed before reaching the central electrodes in the detachment region. 

This situation prevails for all values of the discharge power input indica- 

ting that too much atomic oxygen (or excited molecular oxygen) is being 

produced by the discharge.  Electron detachment now occurs while the 

negative ions are in a region controlled hy the electron gun ac field thus 

enabling the detached electrons to be collected by the electrodes of the 

electron gun. Thus on initiating the discharge an increase of the electron 

current collected in the gun region of up to 30^ was observed.  However, it 

is difficult to assess the rate of the reaction under these circumstances 

since conditions in the gun are not as well defined as in the detachment 

region^but observations are consistent with a fast associative detachment 

reaction involving 0? and 0, ( or perhaps 0« ).  In. the near future we shall 

attempt to decrease the concentration of the reacting neutral species by 

adding a buffer gas, perhaps argon, to the gas flowing through the discharge. 

We also plan to modify the system to allow us to produce ground 

state atomic oxygen without also producing excited molecular oxygen. This 

technique for producing atomic oxygen involves dissociating nitrogen and 

then adding an equimolar amount of nitric oxide. 

N + NO ^- N2 + 0 . (17) 

By carrying the nitrogen through the d. ..charge in a buffer gas, easy control 

of the final atomic oxygen density should be possible. A further advantage 

of this technique is that excited molecular nitrogen can be readily removed 
13 

from the flow by the insertion of a glass wool plug into the stream. 

IV C. The Mass Spectrometer 

(IV C.l)  Description of the Mass Spectrometer and Test System 

The mass spectrometer is housed in a stainless steel envelope and 

is connected to the ion source through a 0.01" dia. hole in an insulated, 

gold plated "nose." Neutral gas particles which succeed in entering the 

mass spectrometer chamber pass readily through the open structure of the 

mass spectrometer and are removed by the high speed pumping system. This 

pumping system consists of a one liter/sec rotary pump, a 720 liter/sec 
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diffusion pump and a 100 liter/sec liquic' nitrogen trap, see Fig, 12. 
.3 

Typically the pressure in the mass spectrometer is less than 10  Torr for 

ion source pressures up to 10 Torr. 

Any ions which enter the chamber are accelerated through a potcn- 
9 

tial and enter the Boyd rf mass spectrometer, which consists of 32 equally 

spaced cylindrical elements, alternate elements being connected together. 

A constant rf voltage is applied to these elements and an ion whose transit 

time through one of the cylindrical elements equals an odd multiple of the 

half period of the rf field will gain energy at each successive element and 

is said to be "in resonance." These resonant ions gain sufficient energy to 

overcome an adjustable discriminating potential and are then further 

accelerated onto the first dynode of a nine stage secondary electron 

multiplier, whose output is fed to an insulated vibrating reed electrometer. 

The examination of negative ions requires that the detector be above ground 

potential;  thus, for small signals a "guarded" feedthrough to the electrom- 

eter has been provided. The electrometer output is coupled (through a 

servo mechanism) to a pen recorder which traces out the mass spectrum as the 

frequency of the rf voltage is mechanically swept.  Under typical operating 

conditions, the resolving power of the instrument is 5^ 40. 

The high pressure ion source used to test the mass spectrometer 

consisted of a stainless steel chamber coupled to the front end of the mass 

spectrometer chamber. A uniform field gap of 3 cms can be established 

between the plate containing the 0.01" hole and a similar plate, see Fig. 12. 

Two sources of electrons have been used.  One technique consisted of placing 

a hot filament on an äquipotential line between the two electrodes. By 

suitably arranging the potentials of the gap, electrons could be collected or 

either electrode thus enabling either a positive or negative ion scan to be 

made.  However, in oxygen the filament lifetime is short.  A suitably 

constructed photo cathode was found to operate over long periods of time 

without loss of emission. This photo cathode was fabricated by depositing 

a thin gold layer (^ 300 A) on a quartz window supported on a suitable flange. 

The gold film was the cathod^ and contact to it was made through a stainless 

steel spring, see Fig. 12.  Placing a small uv lamp (-^10 watts^»2550 8) 

directly behind the quartz window enabled electron emission currents of up 
-7 -8 

to 5 x 10  A to be obtained in vacuum.  These currents drop to ^ 10  A 
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when gas is admitted to the cell but are still sufficiently large to operate 

the mass spectrometer. Although only negative ions can be examined using 

this source, it has proved to be most useful since it can perform for many 

months in various gases without degradation. 

Initial testing of the mass spectrometer was performed using 

oxygen as the test gas but, as the instrument was improved, the negative ion 

spectra of CO,,, H»0, and C0--0- and N.-O mixtures were also examined. Two 

variable leak inlet valves were used to produce the required gas mixtures, 

and the input to the gas cell was adjusted to compensate for the gas lost 

through the 0,01" hole t'' the aiass spectrometer pumps. 

After the     :pectrometer was properly tuned, the negative ion mass 

spectrum of 0«: N,, < 1  and H_0 as well as mixtures of COj-O,, N--CL, and 

H90-0„ were ;■ ?nined as a function of both E/p and pressure. Source pressures 

between '   .ad 5 Torr were u«ied, the lower pressures being measured on a 

caliV ' id high pressure ionization gauge while pressures above<»l Torr were 

mtc^ured on a differential oil manometer. Both the uv photocathode and hot 

iilament were used aa electron sources in these sxperiments and yielded similar 

results, the only difference being that the filament tended to cause a small 

increase in the apparent E/p which can be attributed to the filament voltage 

drop distorting the local electric fields. All the data to be presented in 

this report were taken ubing the uv electron source. A typical mass scan for 

an H.O 0« gas mixture is shown in Fig. 13. No attempt has been made to correct 

ion peak heights for the sensitivity of the ion multiplier to the mass 

f the impinging ions or to correct for the change in D/|a of the }.ons in the 

source as the source pressure is altered. However, with the uv photocathode 

it is felt that this latter effect is small since electrons are emitted from 

a large surface area. 

When the mass spectrometer is finally coupled to the flow system, 

the ion signals in the detachment region will probably be very weak. There- 

fore, the possibility of adapting the detection system to the use of counting 

techniques is being investigated. 
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(IV C.2) Results of Mass Spectrometer Experiments 

In the process of testtng the mass spectrometer useful Information 

concerning the negative ion species produced in various gases and gas 

mixtures has been obtained.  In particular, it has been established that in 

oxygen three negative ions can be produced, see Fig. 14. At low values of 

E/p, below-Ri2 Vcm  Torr  , 0-  is the only ton formed, confirming the 
16 

conclusions of Chantn, Phelps and Biondi.   This ion is formed by the three- 

body attachment reaction given by Eq. (13). 

At higher values of E/p, 0 formed by a dissociative attachment 

reaction is the primary negative ion produced, i.e., 

02 + e -^ o' + 02. (18) 

This reaction is followed by one of two ion-molecule reactions producing 

either 0- or 0    ,  i.e., by 

O" + 02 + 02 -» 03' + 02 (19) 

or O" + 02     ->• 02" + 0. (20) 

By arranging the source conditions such that only two ions are present, the 

rates of the ion-molecule reactions can be determined,since 

I  - 2 
_L „ qq-e P  ) - BN (1-e  ) (21) 
I0'       ,   -BN2L   -ONLv 

a(e K   - e   ) 

where a and ß are the rates of Eqs. (18) and (19), respectively, N is the 

neutral gas density and L is the electron path length. Thus, by plotting 

the ratios of 0, /0 and 0„ /0 currents as functions of pressure, see Fig. 

15, the rates of the reactions given by Eqs. (19) and (20) were found to be 

1,5 x lO"  cm sec" and 3.74 x 10*  cm sec  , respectively. The rate for 

Eq. (19) has been given by Beaty, et aL as 9.1 x 10*  cn^sec"1-. 

38 



O    i 

E 
u 
> 

c 
0) 
bO 

X 
o 

a. 

c 
o 

u 
c 

c 
41 

C 
0 

C3 

O 

^ISUB^UI paZIJELUJON 

39 



""■" ——— 

I(03) 

I (CM 

10 
-1 

10 

I   !  I   11 

E/P -4.8V cm'1 Torr"1 

/   p2 

//Relationship 

Calculated 

0.5 1.0 5.0 10.0 
Pressure. Torr 

Fig. 15  Pressure dependence of 1(0- )/I(0 ) in oxygen. 

40 



In pure C0„ no negative ions were observed at low values of E/p 
-1-1 -       - 

but for values greater than ä 7 Vcm Torr , two ions 0 and CO- were 

detected.  It was established that the reactions involved were 

C02 + e -»»' CO + 0 (22) 

0' + C02 —5" (C03") 

(qo3") -» o' + co2 

(C03") 4 C02 -> C03" + C02 

(23) 

J 

Using a similar technique, see Fig. 16, to that described above the rate 
-2R   6   -1 

for Eq. (23) was found to be 1.3 x 10   cm sec 

Wh en oxygen is added to C0~, four negative ions were observed, 

see Fig. 17. At low energies 0_ produced by three-body attachment is the 

primary ion formed (in 0» - C09 mixtures the third body for this reaction 

can be either 0- or CO.). This 0»' then undergoes the following reaction, 

02' + C02 + X -> C04" + X (2A) 

with an approximate rate of 1.28 x 10"* cm sec . The formation of a 

complex negative ion under these conditions has been observed by Phelps 
19 

and Pack  who, on the basis of the law of mass action, predicted its 

identity as being CO,'. At higher values of E/p the reactions of Eq. (22) 

and (23) are again observed. 

In pure water seven negative ions were observed for E/p > 10 

n 
20,21 

V cm' Torr , see Fig. 18, but none were detected at lower electron 

energies. Clustering of positive ions in water has been observed, 

but there are no such reports involving negative ions. One possible 

mechanism for the formation of these ions is the following.  Initially 
22 

dissociative attachment producing H occurs 

H20 + e -> H' + OH (25) 
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23 
which la then followed by, 

H + H20 -> OH + H2 (26) 

since this is exothermic by at least 0.3 eV.  Clustering of OH* with various 

numbers of HO molecules then occurs probably by three^body reactions, 

OH' + H90 + H20 -> (H20). OH" + H20. (27) 

The heavier negative ions, e.g., (H^O^.OH , are the least stable 

as can be seen from Fig. 18 where the dominant ion becomes less and less 

complex as the ion energy is increased by increasing E/p. Finally, only H, 

OH- and (H20).OH are observed at an E/p of 100 Vcm Torr .  If oxygen 

is now added to the system the situation becomes even more complex. At 

low values of E/p, 0„ is again initially formed by the three-body attach- 

ment reaction and this ion then proceeds to form clusters with various 

numbers of water molecules, see Fig. 19. The probable reactions leading to 

the formation of these ion clusters ave, 

02" + H20 + X -» (H20).02" + X (28) 

(H20).02' + H20 + X -> (H20)^O2' + X (29) 

(H20)n_L.02' + li20 + X -^ (H20)n.O2" + X      (30) 

Complex negative ions with n = 1,2,3,4 and 5 have been observed. 

Attempts to reduce the complexity of the situation by reducing the partial 

pressure of H_0 in the mixture were only partially successful.  If the 
-4 

partial pressure of H_0 is less than 10  Torr only three negative ions are 

produced, I.e., o", (H^.o' and (HJ^.O". Conditions in which 02" and 

one complex ion were present were never attained« thus^the determination r: 

the rate of these reactions was not attempted. Although no quantitative 

information was obtained from this experiment, it indicated that the 
, . ,     ,«"28 6  -I. 

formation of (H-O)-.O-  proceeds at an extremely fast rate (> 10  cm sec  ) 

and clearly demonstrates the precautions which have to be taken in 
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experiments involving low energy negative ions.  It also suggests that 

hydrated negative ions are to be expected in the earth's atmosphere wherever 

there is significant Ho0 concentration. 
1 -1   -1 - 

At higher values of E/p, > 6 Vcm Torr, 0  is initially formed, 

followed by many clustering reactions, similar to those described above to 

produce (H20) .0 .  lonr with n - 1,2,3,4 and 5 were detected. 

The negative ion spectrum of molecular nitrogen was also studied, 

but no negative ions were detected.  Mixtures of nitrogen and oxygen formed 

no complex ions. At low values of E/p, 0- was present while at higher values 

0 and 0~ were detected as expected. 
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V 

MOMENTUM TRANSFER AND INELASTIC CROSS SECTIONS FOR ELECTRONS IN 0- 

V A.  Introduction 

This section presents the results of our attempts to calculate 

the momentum transfer and inelastic cross sections for electrons in 0- 

from available experimentally measured values of transport coefficients 

for electrons under the influence of dc electric fields. Our results are 

most accurate for the determination of the cross sections for momentum 

transfer and vibrational excitation.  Significant information has been 

obtained concerning the excitation of the lower lying electronic states in 

0». Some information about rotational excitation and the excitation of the 

higher electronic states in 0    has also been obtained. Unfortunately, the 

momentum transfer cross section obtained from the dc data disagrees with 

that obtained from analyses of microwave measurements.  Further work is 

necessary to resolve this discrepancy. 

The present results represent an extension of previous determlna- 

.   „ 24J
25 T,   

25 „ 2^26      fcU 
27  mu tions of cross sections in H-     D^,  N-     and the rare gases.   The 

24 
technique is virtually unchanged from that described In Frost and Phelps 

25 
and Engelhardt and Phelps,   so a detailed discussion will be omitted. 

Briefly we solve numerically the time and space Independent Boltzman 

transport equation for the distribution function of electron energies in a 

neutral gas, using an initial set of elastic and inelastic cross sections. 
24 25 

Transport coefficients are calculated by taking suitable averages  '   over 

this distribution function, and are compared with experimental values of 

the same transport coefficients.  The initial cross sections are then 

successively modified and the procedure repeated in order to obtain better 

agreement with the experimental transport coefficients. The cross sections 

are considered satisfactory when our calculated values match the 

experimental values to within 5^) over an extended range of field strengths. 

Two methods of solving the Boltrmann equation are discussed in 

the appendix of Reference 24, a) an "exact" solution for field strengths 

which are low enough such that the electrons are near thermal equilibrium, 

and it is necessary to consider collisions of the second kind, i.e., super- 

elastic collisions, and b) a solution neglecting collisions of the second 
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kind. Inmost of our present calculations we have employed the latter 

solution.  However, when considering e. values close to kT, it is necessary 

to include collisions of the second kind.  Here e, is the characteristic 
k 

energy of the electrons, k is the Boltzmann constant and T is the gas 

temperature.  In the case of 0» an exact solution of the Boltzmann equation 

would include approximately as many rotational levels as previously 

required for N and would be valid only over a very limited range of €,/kT 
n 

for T £ 77 K..    We have developed an approximate solution for low values of 

e./kT in which the effect of the many rotational energy levels is 

approximated by a single rotational level with a threshold at 5 kT/2 and a 

magnitude which gives results consistent with the continuous approximation 

of Reference 24 at large values of e,/kT. This approximation is used in our 

calculations for 0- at low e,/kT. 
24-27 

As in previous analyses     we have facilitated the cross 

section determinations by employing two combinations of measured transport 

coefficients: a) the momentum transfer collision frequency v , defined 
m 

by 

V /N - (e/m)E/Nw , (31) 

which is primarily sensitive to the cross section for momentum transfer, 

and b) the energy exchange collision frequency V , defined by 

v /N - ^M (32) 
u   €k - kr 

which is primarily sensitive to the inelastic cross sections.  Here e and 

m are the charge and the mass of the electron, w is the electron drift 

velocity, E is the applied electric field and N is the gas density.  We 

note that the characteristic energy c, is equal to eD/n where D and p. are 

the electron diffusion and mobility coefficients, respectively. 

The determination of elastic and inelastic scattering cross 

sections for electrons in oxygen is of particular interest because of the 
,28-39  .    c  ,, 

importance of oxygen in the ionosphere. The experimental     values or the 

dc transport coefficients w and e are shown as points in Fig. 20. As 

suggested by the limited range of the e, values and the large scatter in 
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the data, the measurements of transport coefficients in 0- are considerably 

more difficult than in non-attaching gases such as N_ and H0. We have 

lF 35,37,38 .       . . 
iLts        for e, and have used based our analysis on the more recent resul 

these to construct the solid curves of v /N and v /N of Fig. 21. We also 
10 U      16 39-42 

make use of the measured electron attachment coefficients,       Qt /N, and 
a ' 

first Townsend lonlzation coefficients, Ct./N, shown by points In Fig. 22. 

The cross sections required to fit the measured transport coefficients are 

shown In Figs. 23 and 24. The smooth curves of Fig. 20 and the points of 

Fig. 21 show the transport coefficients calculated using these cross sections. 

As suggested by the structure In the v /N curve of Fig. 21, it Is 

convenient to divide our discussion Into a low energy region, e. < 1.0 eV, 

and a moderate energy region, 1.0 eV < e, < 3.0 eV. 

16   2 
V B. Low Energies (e, < 1.0 eV, E/N < 10' V cm ) 

In the low energy region the Important Inelastic collision 

processes In 0 are rotational excitation, vlbratlonal excitation and, 
11 + 

possibly, electronic excitation of the a AB and b £ levels with thresholds 
8       g 

at 0.98 and 1.63 eV, respectively. This Is also the range of energies for 

which electron attachment occurs predominantly by the three-body process.  ' 

Since e, measurements are not available below 0.15 eV and since the threshold 

for vlbratlonal excitation Is 0.195 eV, we will obtain very little Informa- 

tion about rotational excitation.  Since electron beam studies In this 
44 

energy range  yield only the Integrated values of the excitation cross 

sections near thresholds and since there are no theoretical cross sections 

for vlbratlonal or electronic excitation, we are faced with an Infinity of 

possible choices. 

It appears that the assumption which is most consistent with all 

of the available experimental data Is that the vlbratlonal excitation cross 

sections consist of a set of narrow spikes delayed In energy relative to the 
44 45 

vlbratlonal excitation thresholds.  '   This assumption Is easily made 

consistent with the small values of the Integrated cross sections near 
44 

threshold measured by Schulz and Dowell  and with the large cross sections 

required to explain the values of v /N shown In Fig. 21.  If the set of 

resonant type cross sections Is assumed to be connected with the formation 
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of short lived vibrational states of the ir ground state of the 0- ion, 
8 43 

then the assumptions are consistent with structure observed by Schulz 

in the energy dependence of the three-body attachment coefficient. Although 

it is possible that the capture of an electron into any one of the temporary 

negative ion states will be followed by autodetachment and excitation of 
46 

any of the energetically available vibrational states as in nitrogen,  we 

have no experimental or theoretical basis for assigning the relative 

magnitudes of vibrational excitation cross sections. We will, therefore, 

assign all of each resonant cross section to the vibrational state having 

its threshold just below the resonance. This is shown in Fig. 23. The 

derived cross sections will, therefore, be weighted sums of the true cross 

sections. 

The widths in energy of the cross sections shown in Fig. 23 are 

chosen for computational convenience and only their Integrated magnitudes 

are expected to correspond to reality, i.e.. Fig. 23 is more properly 

interpreted as showing that the integral of the cross section over energy 
-18  2 

for the first resonant peak is approximately 1.4 x 10  cm -eV.  If the 
2       -15 2 

magnitude of the first resonances were il/k - 3 x 10  cm where k is the 

electron wave number then the width of the peak would be roughly 
-4 -12 

5 x 10  eV or the lifetime of the compound state would be 10   sec. Only 

the magnitudes of the resonant portions of the cross sections are adjusted 

during the calculations. Our assignment of all of the inelastic cross 

sections for electron energies between 0.9 and 4.4 eV to vibrational 

excitation is rather questionable in view of the possible excitation of the 

a A and b £ states.  In fact, the increase in the derived cross sections 
g      8 

for energies above 0.98 eV suggests that newmodesof excitation, e.g., 

a ^ excitation,is important. We do not know whether the resonance type of 
s 11 + 

excitation is applicable to the excitation of the a A  and b Z    levels. 
g      g 

An additional complication which we have not taken into account is the 

possibility that there are resonances due to other electronic states of 
4 - 

the negative ion, e.g., vibrational levels of the £ state of 0-, . If we 

were to assume a set of resonant cross sections located at the vibrational 

excitation thresholds of the X £ ground state instead of the delayed 

resonances shown in Fig. 23, then the magnitude of the lowest energy peak 

would be lowered by a factor of approximately six. The decrease in 
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magnitude would decrease with increasing threshold energy. 

The cross section for momentum transfer collliions, Q ,   for oxygen 

obtained from our analysis is shown in Fig. 24. When this cross section is 

combined with the vibrational excitation cross sections of Fig. 23 and with 

a set of rotational excitation cross sections calculated from the theory of 
47 2 

Gerjuoy and Stein  using an effective quadrupole moment of 1.5 ea , we 

obtain the set of v /N and v /N values shown by the solid circles of Fig. 
m      u ' 

21 and the values of w and e, shown by the solid line of Fig. 20. Thus, 

we are able to obtain good agreement with an average of the experimental 

values of v /N and v /N shown by the solid curve of Fig. 22. The portion 
m      u 

of the Q curve below 0.1 eV is chosen to give a reascr.able fit to the m 
values for the mobility of thermal electrons in 0- obtained by Pack and 

39 
Phelps  from measurements in 0--C0, mixtures and shown in Fig. 23. 

48 
However, we note that the thermal mobility Inferred by Pack and Phelps 

from equilibrium constant data would require significantly smaller values 

of Q .  Similar low values of Q are obtained when one fits Q to the 
m m i n m ci 49 so 51 

microwave conductivity data of van Lint, et al.j  Fehsenfeld,  of Mentzoni, 
52 

and of Veach, et al.,  for near thermal electrons In 0_. The Q curve ' ' 2      ra 
derived from the microwave results of Mentzoni and of Veach, et al. Is 

shown dashed In Fig. 24. On the other hand, the high frequency conductivity 
53 data of Carruthers ' is consistent with values of Q reasonably close to m 

the values given by the solid curve of Fig. 24. One notes that one 

conceivable way to make the dashed Q curve yield drift velocities In 

agreement with the non-thermal values of Fig. 20 Is to assume a resonance 

peak section at about 0.15 eV. Evidence for such a peak was found by 

Ramsauer and Kollath.   Such a peak would have to have an Integrated 

cross section of roughly 5 * IQ-1  cm^ eV and would be due to the com- 

pound state which is responsible for the attachment of low energy 

electrons J-6»1*3 ^ g^ g^) in the three-body process.  This point needs 

to be investigated in detail. 
2 

The effective quadrupole moment of 1.5 ea used to fit the drift 
o 2 

velocity data at low E/N Is to be compared with an upper limit of 0.4 ea 
55 

obtained from microwave studies of line broadening.   Evidence for a large 

effective quadrupole moment has recently been obtained by Mentzoni and 

Narasing Rao  from measurements of the decay of electron energy during 
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the afterglow of a discharge in oxygen. Very recently, Takayanagi  has 

obtained cross sections for rotational excitation in oxygen which differ 

greatly in shape and magnitude from those calculated using the Gerjuoy 

and Stein relations.  We have not yet used these cross sections in our 

calculations. 

V C.  Moderate Energies (1.0 < e. < 3.0 eV) 

Shown in Fig. 25 are the electronic excitation and ionization 

cross sections used to fit the measured transport coefficients. The 

thresholds for the three excitation cross sections, i.e., 4.5, 8.0, and 
44 

^.7 eV were taken from Schulz and Dowell.   The magnitudes and energy 

dependence of the cross sections were adjusted to fit the v /N and 

ionization coefficient curves. As pointed out by Schulz and Dowell the 

apparent thresholds at 4.5 and 8.0 eV correspond to expected appearance 
3 +     3 - 

potentials for the A L    and B L levels, respectively. The threshold at 

9.7 eV ia a rather arbitrary choice from among the large amount of struc- 
44 

ture observed in the trapped electron experiments  at energies above about 

8.5 eV. 

For €, values between 0.6 and 2.5 the 4.5 eV process had a greater 

effect on the v /N curve than any other individual cross section, and 
u 

from 1.0 to 2.5 eV at least half the total V was due to this level. 
u 

Consequently we expect the rising portion of that cross section curve to 

be quite accurate. The falling portion of the 4.5 eV process cannot be 

considered too accurate because of the interaction with the 8 eV. process 

and because of the inherent insensitivity of our technique for inelastic 

cross sections which decrease with increasing electron energy. 

The magnitude of the process with threshold at 8.0 eV was adjusted 

to give a fit to the high energy portion of the v /N curve above 2 eV. 
58 U 

Using Täte and Smith's  ionization cross section, the magnitude of the 

9.7 eV process was adjusted to give a fit to the ionization coefficient 
34 40 

a /N data of Harrison and Geballe,   Prasad and Ciaggs,  Freely and 
42 

Fisher ' shown in Fig. 22.  The same result could probably have been 

obtained by adding a significant high-energy portion to the 8.0 eV process 
59 

as suggested by the results of Lassettre, Silverman and Krasnow  or by 

adding cross sections corresponding to lower or higher thresholds. This 
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2 8        10       12 
Electron Energy, ev 

14 20 

Flg. 25 
Inelastic collision cross sections derived from v /N, 
3 /N and a /N data of Figs. 21 and 22 and threshold data 
or Schulz and Dowell. The subscripts to the Q's indicate 
the process involved- Thus, Q, , is the excitation cross 
section for the AL level with'a threshold at A.5 eV 
while Q   is the d^sso. iatlve attachment cross section 

from electron beam experiments. 
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Illustrates that the weighted sum of our results above 8 eV should be 

considered more significant than the individual cross sections.  If we 

were to attempt to fit the Ct./N data of Dutton, Llewlyn-Jones and Morgan 
36 1" 

or of Fromhold  we would have to assume significantly larger Inelastic 

collision cross sections.  We have not attempted to fit the a /N and a /N 
-15   2 a 

data for E/N > 1.5 x 10  V-cm since for higher E/N the energy required 

to bring the electrons produced by ionizing collisions up to the mean 

electron energy can no longer be neglected and since we expect poor 

convergence of the spherical harmonic expansion of the electron energy 

•u  •      s •        ,  •  25,37 distribution used in our analysis. 

In Fig. 22 we have compared our calculated attachment coefficient 

a /N with experiment. We have used the attachment cross section measured 
a fn 

by Schulz.   The effect of the attachment cross section was too small to 

be noticeable in the v /N curves. We have used the comparison of calculated 

and experimental attachment coefficients in an effort to check on the 

validity of our elastic and inelastic cross sections. Except for the region 

below a field strength of 1.3 x 10  V-cm , the agreement is considered 

satisfactory. A change in the threshold of the attachment cross section 

from 4.4 eV to 4,9 eV produced little change in the attachment coefficient. 

Modifying the Inelastic cross sections to provide better agreement for 

a /N at low field strengths resulted in v /N curves that were too high by 
a u 
50^ In the e, region from 1 to 2 eV. We decided to accept the disagreement 

in the attachment coefficient in favor of a good fit to the v /N curve. 
u 

Resolution of this discrepancy does not appear possible at this time. At 

present It dons not appear possible to fit the rise In a  /N with E/N 

found by Fromhold and remain consistent with the attachment cross section 
35 

of Schulz and v,>.hers and the e. data of Huxley, Crompton and Bagot, 

Similarly, the rapid decrease In a /N with E/N found by Dutton, Llewlyn- 
ft 

Jones, and Morgan would appear to be very difficult to fit theoretically. 

It presumably would not be too difficult to obtain a theoretical curve 

passing through the average of these two sets of data. 
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VI 

RECOMMENDATIONS FOR FUTURE WORK 

On the basis of the work presented in this report, we make the 

following recommendations for future investigations: 

1. It is recommended that the temperature dependent studies of 

electron-positive ion recombination in atmospheric gases discussed in Section 

III be continued and where possible, extended over a wider temperature range. 

Some specific investigations which should be considered are, a) conformation 

of the observed temperature dependence of N„  ion-electron recombination 

using the single pulse technique,  b) measurement of the temperature dependent 
■4- 

recombination coefficient for N,  ions and electrons using the single ptil.se 

technique in addition to c) temperature dependent studies of electron-ion 

recombination in oxygen and nitric oxide.  Effort should be made to study the 

effects of temperature on the relative concentrations of the various complex 

ions, such as N. , N,  and 0. , observed in the afterglow.  In addition, work 

should be continued on the improvemei.t of the correlation between the observed 

time variation of the electron density and the positive ion density (see 

Technical Report AFWL-TR-64-178) in the cases of 0-  and NO . 

2. On the basis of the studies presented in Section IV, it is 

recommended that the experiments involving oxygen negative ions and mixtures 

of atomic and molecular oxygen be continued in order to determine the role 

of associative detachment in the ionosphere. The possibility of an associative 

detachment reaction involving excited molecular oxygen should also he 

investigated.  Data obtained with the high pressure mass spectrometer have 

indicated that complex negative ions, e.g., 0^ , C0_ , CO, , (H20).0? , 

etc, are readily formed under suitable conditions.  It is recommended taat 

the negative ion content of various mixtures of common atmospheric gases be 

investigated and that the rates of formation of the complex ions be determined 

wherever possible.  In view of some of the data presented in Section IV, mass 

spectrometers to be used in rocket probes of the ionosphere should be designed 

to measure ions having masses up to 100 mass units. 

3. It is recommended that efforts to obtain reliable values for 

the elastic and inelastic collision cross sections in 0- be continued. At 

present  the available experimental data lead to two significantly different 
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estimates for the momentum transfer cross section for thermal electrons in 0.. 

An effort should be made to obtain expirimental data which will resolve this 

discrepancy. As improved experimental data become available analyses should 

be performed in order to determine the corresponding cross sections. An 

attempt should be made to obtain more direct experimental evidence for the 

resonant peaks which we have proposed to explain the vibrational excitation 

of 0„. 
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